. In this review, we will outline several lines of which may occur in dendrites for a subset of neuronal evidence that have revealed a crucial and specific role mRNAs. Recent work has begun to define the signaling for neuronal activity-dependent regulation of mRNA mechanisms coupling synaptic activation to the protranslation in long-lasting synaptic plasticity. tein synthesis machinery. The ERK and mTOR signal-A consideration of the role of new protein synthesis ing pathways have been shown to regulate the activity in enduring forms of synaptic plasticity raises a number of the general translational machinery, while the transof interesting issues. The protein products required for lation of particular classes of mRNAs is additionally the establishment of long-term synaptic plasticity are controlled by gene-specific mechanisms. Rapid enthought to be utilized by activated synapses to stabilize hancement of the synthesis of a diverse array of neumodifications in synaptic strength. Since input or synronal proteins through such mechanisms provides the apse specificity is one of the hallmarks of synaptic plascomponents necessary for persistent forms of LTP ticity, there must therefore exist a cellular mechanism and LTD. These findings have important implications to restrict or localize these protein products to activated for the synapse specificity and associativity of protein synapses. Furthermore, since enduring forms of both synthesis-dependent changes in synaptic strength. 
, 1994). An "early phase" of (Frey and Morris, 1997). As observed in studies of longterm memory formation, effective blockade of L-LTP LTP (E-LTP) lasting 1-2 hr, which is typically induced by a single train of high-frequency tetanic stimulation, is requires treatment with translational inhibitors around the time of L-LTP induction, whereas treatment after unaffected by transcriptional and translational inhibition (Figure 1A). In contrast, the "late phase" of LTP (L-LTP) L-LTP has been established produces no effect (Otani et al., 1989; Frey and Morris, 1997). These observations differs from E-LTP in its greater amplitude and longer duration (Ͼ3 hr), its recruitment by repeated, spaced
indicate that repeated tetanization recruits a rapid enhancement of protein synthesis that is necessary for tetanizations (typically three to four tetanic trains separated by 5-10 min), and its critical dependence on new the full expression of L-LTP. Indeed, increased rates of protein synthesis can be detected rapidly following mRNA and protein synthesis ( Figure 1B ). These properties of LTP have been observed in each of the three L-LTP induction (Kelleher et al., 2004) . Similarly, the failure of translational inhibitors to affect already estabmajor hippocampal excitatory synaptic pathways (Huang et al., 1996) . Though the distinctions between E-LTP lished L-LTP argues against a simple requirement for ongoing protein synthesis to maintain steady-state proand L-LTP have been best characterized with high-frequency stimulation delivered in the form of tetanization, tein levels. Rather, this temporal window for L-LTP blockade further suggests that the increase in translatemporal phases of LTP induced by theta burst stimulation have also been described (Nguyen and Kandel, tional rate that accompanies L-LTP induction is transient. The apparent ability of protein synthesis inhibitors 1997). Just as with tetanus-induced LTP, the late phase of theta burst-induced LTP requires more prolonged to block the enhanced protein synthesis stimulated by L-LTP induction without depleting proteins necessary stimulation as well as new mRNA and protein synthesis. In the well-studied case of the Schaeffer collateral pathfor basal neuronal and synaptic function presumably reflects the brief duration of inhibitor treatment (typically way (CA3-CA1 synapses), the induction of both E-LTP and L-LTP requires NMDAR activation, but further 30-45 min) relative to the turnover rates of neuronal proteins. mechanistic investigations of L-LTP have largely focused upon its unique requirement for macromolecuSeveral observations indicate that the effects of protein synthesis inhibitors on long-lasting synaptic plasticlar synthesis.
The reported kinetic effects of protein synthesis inhibiity are likely to be a specific consequence of their translational blockade, rather than any nonspecific inhibitory tion on L-LTP have been somewhat variable, likely owing to differences in methodology, particularly the time of effects or toxicity. First, their action is specific for longlasting forms of synaptic plasticity, without interference application of protein synthesis inhibitors. When inhibitors are applied during a preincubation period immediwith more transient forms of synaptic plasticity or other synaptic processes; for example, the widely used inhibiately prior to repeated tetanization, thereby allowing sufficient time for drug penetration and protein synthesis tor anisomycin does not affect calcium influx evoked by depolarization or mGluR activation (e.g., Linden, 1996 Unlike the axons and dendrites of mammalian neurons, Although E-LTP and L-LTP have been interpreted as the processes or "neurites" of Aplysia neurons are not sequential "phases" or components of a single process, polarized and can form both presynaptic and postsyntheir differing induction protocols and biochemical feaaptic terminals. In fact, the sensory neuron in the neural tures suggest that they may represent distinct procircuit that mediates the gill-withdrawal reflex is presyncesses that function in parallel. In particular, experimenaptic to the motor neuron but postsynaptic to the serotal procedures that give rise to L-LTP recruit a protein tonergic interneurons responsible for LTF induction synthesis-dependent potentiation in the earliest minutes (which is therefore heterosynaptic). Thus, new gene exfollowing stimulation. Whereas treatment with protein pression is stimulated in the sensory neuron by postsynsynthesis inhibitors prior to repeated tetanization yields aptic signaling mechanisms, as in the case of hippoa decremental potentiation resembling E-LTP, protein campal L-LTP, but the new gene products then act at synthesis inhibition entirely abrogates the potentiation presynaptic terminals within the same neuron to enable induced by neurotrophins or cAMP agonists, suggesting persistent facilitation of transmitter release. that these stimuli can induce L-LTP independent of E-LTP. In contrast, the potentiation induced by repeated A Requirement for Translation Independent tetanization appears to represent a composite of graduof Transcription in L-LTP and L-LTD ally decaying E-LTP and more persistent protein syntheThe requirement for new mRNA synthesis in the estabsis-dependent mechanisms.
lishment of long-term memory and long-lasting forms The capacity for bidirectional modifiability of enduring of synaptic plasticity suggested that induction of gene synaptic changes is presumably provided by compleexpression at the transcriptional level may provide the mentary forms of protein synthesis-dependent LTP and primary regulatory mechanism underlying these pro-LTD. Consistent with this expectation, long-lasting forms cesses. According to this view, the observed protein of hippocampal LTD have recently been described. . Although protein semblies in close proximity to individual synapses, spasynthesis in isolated dendrites is not sufficient to maintially restricted translation at activated synapses was tain normal tetanus-induced L-LTP throughout the entire initially envisioned as a potential mechanism for syntime course, it does appear to be sufficient for the early apse-specific delivery of proteins essential for plasticity expression of a translation-dependent (and presumably and growth (Steward and Levy, 1982) . However, the contranscription-independent) component (Frey et al., 1989) . ceptual focus has shifted in recent years to protein synWhile these studies demonstrate the sufficiency of denthesis occurring more broadly in the dendritic compartdritic translation for the expression of some forms of ment, emphasizing the distinction with protein synthesis L-LTP and L-LTD, protein synthesis in the dendritic comoccurring in the cell body followed by protein transport partment of intact neurons has not yet been shown to into dendrites (Steward and Schuman, 2003) . Leaving be necessary for these processes. Investigations of aside the issue of synapse specificity, dendritic protein branch-specific LTF in a bifurcated sensory neuronsynthesis affords a mechanism for rapid changes in promotor neuron coculture system in Aplysia perhaps come tein content in response to synaptic activity, subject to closest to illustrating such a requirement for extrasothe limitations on protein repertoire that are imposed by matic translation. Inhibition of protein synthesis at one the dendritic localization of a subset of mRNAs. The sensory neuron branch during serotonin application capacity of the dendritic compartment to effect rapid blocked LTF at that branch but had no effect on serotoincreases in mRNA translation in response to various nin-induced LTF at the other branch ( and L-LTD, however, would be difficult to explain by window for coincidence of the synaptic tag and the new protein synthesis presumably reflects the temporal the mRNA targeting hypothesis, since it would not be possible to target preexisting mRNAs prior to synaptic decay of the tag. These observations suggest that induction of either activation. Synapse specificity in both of these candidate mechanisms relies on a highly spatially localized E-LTP or L-LTP results in the creation of a protein synthesis-independent synaptic tag, which is able to proevent (translation or mRNA targeting) and equally localized confinement or retention of the resulting protein vide synapse specificity by capturing the necessary protein components. These observations have been products. Importantly, both mechanisms also require new protein synthesis at the time of L-LTP or L-LTD inconfirmed and extended by Kandel and colleagues, who additionally found that formation of the synaptic tag duction.
The third "synaptic tag" hypothesis does not demand requires the activity of both NMDARs and PKA and that synaptic tagging and capture can also be observed with these highly localized events or protein products. Instead, synaptic specificity is conferred by a synaptic L-LTD ( 
2003b). In Aplysia neurons, branch-specific that the tag must satisfy a number of criteria: (1) the tag inhibition of ApCPEB expression impaired the mainteis induced in a protein synthesis-independent manner, nance of LTF at 72 hr (Si et al., 2003a). Based on these (2) the tag possesses a finite lifetime of 1-2 hr, (3) the findings, the prion-like properties of ApCPEB (which tag is induced both by E-LTP/E-LTD and by L-LTP/
have not yet been demonstrated in neurons) were hy-L-LTD, (4) the tag is induced in an input-specific and pothesized to enable the formation of a self-perpetuatphysically immobile manner, (5) the tag interacts with ing and synapse-specific mark that mediates maintethe proteins required for L-LTP/L-LTD to facilitate capnance or stabilization of LTF through persistent ture, and (6) In addition, the observed increases in rpS6 phosphorsents a gene-specific control mechanism, but it is considered here due to its potential to increase general ylation suggest that L-LTP and long-term formation also stimulate 5ЈTOP-dependent translation, possibly allowing translational efficiency and capacity. Derepression of 5ЈTOP-dependent translation is highly associated with for increased synthesis of ribosomal components and translation factors. The combined effects of dual capmTOR-dependent phosphorylation of ribosomal protein S6, but the precise mechanism mediating derepression and 5ЈTOP-dependent mechanisms may therefore allow for concerted increases in both translational efficiency is unclear.
Recent evidence has shown that neuronal activityand translational capacity during the establishment of long-lasting forms of synaptic plasticity and memory. dependent modulation of translation initiation factor activity by the ERK MAPK signaling pathway plays an Increases in ribosome number (Wenzel et al., 1993) or translocation of ribosomes within dendrites without a important role in the establishment of L-LTP. In hippocampal neurons, multiple forms of neuronal activity, inchange in total number (Ostroff et al., 2002) have been reported in response to LTP induction, but the interprecluding BDNF treatment, excitatory synaptic activity, and membrane depolarization, stimulate translational tation of these findings is complicated by the fact that the forms of LTP studied were not shown to be protein efficiency in association with increased phosphorylation of eIF4E, 4E-BP1/2, and rpS6 in an ERK-dependent synthesis dependent.
The involvement of MAPK signaling in regulation of associated with inhibition of elongation rates. In addition, the levels of eEF2 and another elongation factor, eEF1A, cap-dependent translation in response to neuronal activity is further supported by recent work showing that appear to be regulated by 5ЈTOP elements in the cognate mRNAs. Interestingly, brief NMDAR activation at NMDA receptor activation leads to ERK-dependent phosphorylation of eIF4E in hippocampal area CA1 developing synapses induces a biphasic temporal modulation of the global translation rate, with a rapid depres- (Banco et al., 2004) . Similarly, BDNF treatment of cultured neurons has been shown to produce ERK-depension of the translation rate occurring in association with eEF2 phosphorylation, followed by a more prolonged dent increases in protein synthesis and phosphorylation of eIF4E and 4E-BP1 (Takei et al., 2001) . ERK-dependent increase in translation rate (Scheetz et al., 2000) . The synthesis rate of ␣CaMKII was enhanced despite the mechanisms are likely to regulate general translational activity in the synaptodendritic compartment, as ERKtransient decline in the global translation rate, leading to the proposal that neuronal activity-dependent reguladependent stimulation of protein synthesis and phosphorylation of eIF4E and rpS6 has been observed in tion of elongation may promote the translation of a subset of dendritic mRNAs. synaptoneurosome preparations ( ing the arguments presented herein, it also remains to modifications, protein trafficking and transport, cybe demonstrated that LTP and LTD are associated with toskeletal processes, protein degradation and turnover, distinct synaptic tags and, by inference, that the essenenergy metabolism, and ionic homeostasis. Gene-spetial set of proteins captured by these tags are also discific translational mechanisms may not be sufficient to tinct. How do the proteins that are captured enable perprovide the necessary protein diversity, and therefore, sistent strengthening or weakening of synaptic strength concomitant activation of general translational mechaor the accompanying structural changes of synapse nisms may be required. growth or synapse loss? Answers to these questions With respect to their protein synthesis requirements, will depend upon identification of the protein compothe distinction between L-LTP and L-LTD must lie either nents that participate in these processes, which will in the synthesis of a limited number of critical proteins likely provide clues to the molecular mechanisms inthat differ between the two processes or in the creation volved. As a starting point, it will be important to define of distinct synaptic tags that allow recruitment of distinct the pool of newly synthesized proteins available to actisubsets of proteins from (nearly) identical mixtures. In vated synapses during the establishment of L-LTP and other words, either the set of newly synthesized proteins L-LTD; this goal will be facilitated by fuller definition of that enable capture must be different or the synaptic the mRNAs that are localized to the dendritic comparttags must be different. In addition, if either process ment under various conditions, the spectrum of mRNAs induces the synthesis of a subset of proteins sufficient to that are subject to neuronal activity-dependent translaenable the other process, then they will exhibit temporal tional control by specific regulatory proteins, such as associativity. In the broadest case, if L-LTP and L-LTD CPEB and FMRP, and the population of mRNAs whose induce the synthesis of mutually overlapping sets of translation is stimulated by specific forms of neuronal neuronal proteins, then the two processes should exactivity. In addition, available evidence suggests that hibit reciprocal synaptic capture. As described above, proteins derived from newly synthesized mRNAs may experimental evidence for reciprocal capture and hetcontribute primarily to the maintenance phase of L-LTP. erosynaptic associativity of hippocampal L-LTP and Thus, it will also be necessary to characterize this popu-L-LTD has recently been obtained ( These observations suggest that neuronal activitydependent modulation of dendritic translation may also Future Directions play a role in homeostatic processes or synaptic scaling The observations and interpretations summarized above (Turrigiano and Nelson, 2004 ). have provided compelling evidence for a crucial contriAn important unresolved problem is the spatial extent bution of translational control to long-term synaptic of the distribution or availability of newly synthesized plasticity and have begun to illustrate the mechanisms proteins, which will in turn determine the spatial limits that couple synaptic activity to changes in translational on synaptic capture and the associativity of protein synefficiency. In addition, these findings have afforded thesis-dependent processes. Improved imaging techsome insight into the synapse specificity and associativnologies should make it possible to define these spatial ity of protein synthesis-dependent synaptic processes, limits through direct time-lapse visualization of newly but several important issues remain.
synthesized proteins at high resolution. For reasons outlined above, it is unlikely that the availability of newly Perhaps the most significant outstanding questions
